
Rejections under 35 U.S.C. §§ 101 and 112, First Paragraph 

The Examiner maintains rejection of claims 25-79 under 35 U.S.C. § 101 as 
allegedly not being "supported by either a specific and substantial asserted utility or a 
well-established utility." In particular, the Examiner alleges that Applicants assertions are 
insufficient "because Applicants have failed to demonstrate the effect of the claimed 
protein on cells." See, Paper No. 20, pages 2-3. Applicants respectfully disagree and 
traverse this rejection. 

A rejection under 35 U.S.C. § 101 is improper when a person of ordinary skill in 
the art would find credible disclosed features or characteristics of the invention, or 
statements made by the applicant in the written description of the invention. See, M.P.E.P. 
§§ 2107.02(11), (III) at 2100-[37-39] (Original Eighth Edition, Aug. 2001). In addition, an 
applicant need only make one credible assertion of utility for the claimed invention to 
satisfy 35 U.S.C. § 101. See, e.g., Raytheon v. Roper, 724 F.2d 951, 958, 220 U.S.P.Q. 
592, 598 (Fed. Cir. 1983), cert, denied, 469 U.S. 835 (1984) ("When a properly claimed 
invention meets at least one stated objective, utility under 35 U.S.C. § 101 is clearly 
shown."). See, M.P.E.P. at 2100-37. Finding a lack of utility is also improper if a person 
of ordinary skill in the art would know of a use for the claimed invention at the time the 
application was filed. See, M.P.E.P. § 2107.02(II)(B) at 2100-[38-39]. 

Moreover, the burden is on the Examiner to establish why it is more likely than not 
that one of ordinary skill in the art would doubt (i.e., "question") the truth of the statement 
of utility. See, M.P.E.P. § 2107.01(III)(A) at 2100-[39-40]. Thus, the Examiner must 
provide evidence sufficient to show that the statement of asserted utility would be 
considered "false" by a person of ordinary skill in the art. Id. The Examiner must also 
present countervailing facts and reasoning sufficient to establish that a person of ordinary 
skill would not believe the applicants* assertion of utility. See id.; see also, In re Br ana, 
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51 F.3d 1560, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). For the reasons set forth below, the 
Examiner has not met the burden that is necessary to establish and maintain a rejection for 
lack of utility under 35 U.S.C. § 101. 

However, contrary to the Examiner's comments, Applicants have set forth in the 
specification statements that clearly and fully describe the function of Human Cytokine 
Polypeptide of the present invention and explain why Applicants believe the invention is 
useful. For example, the specification, at page 3, lines 5-8, teaches that polypeptides of 
the present invention may be used to treat inflammation. Applicants contend that specific 
and substantial utilities have been disclosed in the specification as filed and that the only 
issue is whether any asserted utility is credible. 

Inflammation is a result of the inflammatory response, which occurs when a tissue 
is exposed to any one of a number of noxious stimuli including, for example, bacterial 
infections. (See, e.g., Exhibit A, Janeway, C.A. and Travers, P. 'IMMUNOBIOLOGY - 
The Immune System in Health and Disease', Garland Publishing Inc., N.Y. and London, at 
pages 1:30 to 31 (1994)). As described by the authors, the initial inflammatory response is 
characterized by certain specific events including blood vessel dilation, local increase in 
vessel stickiness for passing immune cells, and increased vessel permeability to fluid and 
immune cells. The first cells involved in the inflammatory response are non-specific 
'inflammatory cells' such as monocytes and neutrophils; however, later recruitment and 
activation of T cells may serve to sustain chronic inflammation. 

T cells are recognized as playing a significant role in the maintenance of the 
inflammatory response, for example, through the secretion of pro-inflammatory cytokines. 
(See, e.g., Exhibit B, Abbas, A.K., Lichtman, A.H. and Pober, J.S. 'Cellular and 
Molecular Immunology', W.B. Saunders Company, Philadelphia, at pages 239 to 240 
(1991)). Abbas et al. describe "cytokines that activate inflammatory cells" including 
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gamma interferon, lymphotoxin, interleukin-5 and migratory inhibition factor as all being 
produced by T cells. These cytokines serve to mobilize and/or activate numerous cells 
involved in the inflammatory response including, for example, mononuclear phagocytes, 
endothelial cells, neutrophils, eosinophils and B cells. (See, Table 11-3, Id. at page 239). 

Maturation and selection of T cells occurs in the thymus and continues into adult 
life. (See, e.g., Exhibit C, Abbas, A.K., Lichtman, A.H. and Pober, J.S. 'Cellular and 
Molecular Immunology', W.B. Saunders Company, Philadelphia, at pages 23 to 26 
(1991)). The authors note that no "extrathymic sites of T cell development have been 
identified." (See, e.g., Id. at page 26, left column at lines 9-10). 

Accordingly, in light of what was widely known and accepted in the art, at the time 
of filing of the instant application one of ordinary skill in the art would have accepted that: 
(1) inflammation is a key mechanism used to isolate, restrict and combat the effects of 
harmful agents; (2) T cells play a coordinating role in the initiation and maintenance of the 
inflammatory response; and (3) T cells mature and are selected only in the thymus from 

birth through adulthood. 

In support of the asserted utility of the present invention in the treatment of 
inflammation, Applicants respectfully direct the Examiner's attention to the teachings of 
Graf et al. (J. Exp. Med, 196(2): pp 163-171. (2002)) who show that polypeptides of the 
present invention are expressed and play a role in the regulated development of T cells in 
the thymus. A legible copy of Graf et al. is enclosed herewith as Exhibit D. 

Graf et al. demonstrate that Tsg expression is upregulated after T-cell receptor 
activation in developing thymocytes (See, Figure 1), that the components of the BMP 
signaling pathway are expressed in the thymus (See, Figure 2), and that BMP4 directly 
inhibits thymocyte development and proliferation (See, Figure 3). The authors then 
demonstrate that BMP4 inhibition of thymocyte development cannot be prevented by 
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either Tsg or chordin alone, but that together Tsg and chordin are able to completely 
reverse this inhibition {See, Figure 5). Graf et al. propose that the coordinated expression 
of Tsg and chordin in the thymus is required for proper T-cell development and "the 
balance between BMP2/4, chordin, and Tsg may ensure developmental progression while 
maintaining a sufficient pool of immature precursors." See, page 170, left column, lines 1- 
3. Therefore, given the central role of T-cells in immune system function and 
inflammation, and in view of the teachings of the specification as filed, supported by those 

of Graf et al. (Exhibit A), Applicants maintain that the present invention is useful as 

required under 35 U.S.C. § 101. 

The Examiner maintains rejection of the pending claims under 35 U.S.C. § 101, as 

allegedly "this member of the protein family does not have a specific utility because the 

specific function of this particular protein has not been demonstrated." See, Paper No. 20, 

page 4. 

Knowledge of a biological or pharmacological activity of a compound is beneficial 
to the public, and "adequate proof of any such activity constitutes a showing of practical 
utility." Nelson v. Bowler, 626 F.2d 853, 856 (C.C.P.A. 1980). Applicants disclose in the 
specification the credible assertion that the Human Cytokine Polypeptide of the present 
invention may be useful to treat inflammation. Moreover, Applicants have provided 
evidence that the Human Cytokine Polypeptide of SEQ ID NO:2 regulates T-cell 
development, a critical aspect of inflammation. As such, Applicants submit that adequate 
proof of a biological activity of the Human Cytokine Polypeptide has been shown, thereby 
constituting a showing of practical utility. 

In view of the above, the assertions that Human Cytokine Polypeptide would act to 
regulate immune cell development and homeostasis, and would be useful as a means of 
treatment in inflammation, would not be incredible to one skilled in the art. That is, since 
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the facts upon which the assertions are based are consistent with the logic underlying the 
assertions, Applicants submit that one of ordinary skill in the art would not reasonably 
doubt Applicants' assertions regarding utility. 

Utility can exist for therapeutic inventions "despite the fact that an applicant is at a 
very early stage in the development of a pharmaceutical product or therapeutic regimen 
based on a claimed pharmacological or bioactive compound or composition." M.P.E.P. § 
2107 (III) at 2100-27. "Usefulness in patent law . . . necessarily includes the expectation 
of further research and development. The stage at which an invention in this field 
becomes useful is well before it is ready to be administered to humans." In re Brana, 51 
F.3d 1560, 1568 (Fed. Cir. 1995). 

Further, Applicants do not have to prove that a correlation exists between a 
particular activity and an asserted therapeutic use of a compound as a matter of statistical 
certainty or provide actual evidence of success in treating humans where such a utility is 
asserted. See M.P.E.P. § 2107.02 (I) at 2100-34. All that is required of Applicants is that 
there be a reasonable correlation between the biological activity and the asserted utility. 
See Nelson v. Bowler, 626 F.2d at 857. 

Based upon the general knowledge of those skilled in the art that the regulation of 
immune cell homeostasis is directly implicated in the development of inflammation, it 
would be reasonable to expect that Human Cytokine Polypeptide of the present invention 
could be utilized in the treatment of inflammation. As such, based on the totality of the 
evidence, an artisan of ordinary skill in the art of molecular biology would find the 
statements of utility contained in the specification to be credible. 

Applicants further point out that the patentability of the present invention, based on 
this utility, is not dependent on disclosure of the details of how or why the invention 
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works. The Federal Circuit has recently stated with respect to the rejection of claims for 
lack of utility that: 

"It is not a requirement of patentability that an inventor 
correctly set forth, or even know, how or why the invention 
works." Newman v. Quigg, 877 F.2d 1575, 1581, 11 
U.S.P.Q.2D (BNA) 1340, 1345 (Fed. Cir. 1989) ; see also 
Fromson v. Advance Offset Plate, Inc., 720 F.2d 1565, 
1570, 219 U.S.P.O. (BNA) 1137, 1140 (Fed. Cir. 1983) ("It 
is axiomatic that an inventor need not comprehend the 
scientific principles on which the practical effectiveness of 
his invention rests."). Furthermore, statements that a 
physiological phenomenon was observed are not inherently 
suspect simply because the underlying basis for the 
observation cannot be predicted or explained. 

In re Cortright, 49 U.S.P.Q.2d 1464, 1466 (Fed. Cir. 1999). Likewise, according 
to the axiom of patent law, the utilities asserted for the Human Cytokine Polypeptide do 
not depend on identification of any receptor or cofactor necessary for its biological 
activity. Rather, the issue is whether an asserted utility is true. 

Even assuming, arguendo, the Examiner has established a prima facie showing 
that the claimed invention lacks utility, Applicants respectfully submit that they have 
rebutted the Examiner's showing by proffering sufficient evidence to lead one skilled in 
the art to conclude that the asserted utilities are more likely than not true. Applicants have 
supplied evidence that the Human Cytokine Polypeptide of SEQ ID NO:2 is identical to a 
molecule, i.e., Tsg, that acts as a regulator of T-cell development and homeostasis and is 
likely involved in inflammation. 

In view of the facts set out above, Applicants assert that a skilled artisan would not 
reasonably doubt that polypeptides comprising the Human Cytokine Polypeptide amino 
acid sequence shown in SEQ ID NO:2 can be used in the treatment of inflammation. As 
such, Applicants assert that the presently claimed invention possesses a credible utility that 
constitutes a patentable utility under 35 U.S.C. § 101. 
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In view of the above, Applicants submit that the asserted utilities of the invention 
meet the statutory requirement set forth in 35 U.S.C. § 101. The Examiner has failed to 
establish and maintain grounds as to why a rejection for lack of utility is proper. 
Accordingly, Applicants respectfully request that the rejection be withdrawn. 

The Examiner has also rejected claims 25-79 under 35 U.S.C. § 112, first 
paragraph, "since the claimed invention is not supported by either a specific and 
substantial asserted utility or a well-established utility for the reasons set forth above, one 
skilled in the art clearly would not know how to use the claimed invention". 

Applicants respectfully disagree and traverse this rejection. 

As detailed above, the asserted utilities of the invention meet the statutory 
requirement set forth in 35 U.S.C. § 101 and, armed with the specification of the instant 
invention, one skilled in the art clearly would know how to use the claimed invention. 
Accordingly, Applicants respectfully request that the rejection of claims 25-79 under 35 
U.S.C. § 1 12, first paragraph, be withdrawn. 
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Conclusion 



Applicants respectfully request consideration and entry of the foregoing remarks 
into the file. Applicants believe that no fee is due in connection herewith; however, 
should the Patent Office determine otherwise, please charge the required fee to Human 
Genome Sciences, Inc., Deposit Account No. 08-3425. 

Respectfully submitted, 



Dated: May 9, 2003 



Enclosures 
JMM/BM 




"M. Martineau (Reg. No. 46,903) 

Attorney for Applicants 

Human Genome Sciences, Inc. 

9410 Key West Avenue 
Rockville, MD 20850 
(301) 315-2723 (telephone) 



Application No. 09/416,267 



9 



PF270P1 




THE IMMUNE SYSTEM IN HEALTH AND DISEASE 



Charles A. Janeway, Jr. 

Yale University Medical School 

Paul Travers 

Birkbeck College, London University 



CB 

CURRENT 
BIOLOGY 
LIMITED ■ 



Blackwell 
Scientific 
Publications 




Current Biology Ltd 
London, San Francisco and Philadelphia 



OXFORD 



Garland Publishing tnc 
New York and London 



! 1 



List of headings 




AN INTRODUCTION TO 
IMMUNOBIOLOGY 



Chapter 1 : Basic Concepts in Immunology 



Adaptive immunity works by clonal selection of 
lymphocytes. 

1-1 Lymphocytes are activated by antigen to give rise to clones of 
antigen-specific cells that mediate adaptive immunity. 

1 -2 Lymphocytes are small cells that circulate between blood and 
lymphoid tissues. 

1 -3 Lymphocytes derive from receptor-negative precursors in the 
bone marrow. 

1 -4 Each developing lymphocyte generates a unique receptor by 

rearranging its receptor genes. 
1-5 Lymphocytes bearing receptors for ubiquitous self antigens are 

eliminated during development. 
1-6 Lymphocytes encounter antigen in peripheral lymphoid tissues. 
1-7 On activation by antigen, a lymphocyte proliferates to produce 

progeny that differentiate into effector cells. 
1-8 Two signals are required for lymphocyte activation. 

Summary. 

Varied immune effector mechanisms eliminate pathogens. 

1 -9 Extracellular pathogens and their toxins are eliminated by 
antibodies. 

1-10 Only B lymphocytes have the potential to make antibodies. 
1-11 T cells recognize and attack cells infected with intracellular 
pathogens. 

1-12 Cells infected with viruses are killed by cytotoxic T 
lymphocytes. 

1-13 Some intracellular bacterial infections are controlled by 

macrophage activation. 
1-14 T cells are specialized to recognize foreign antigens as 

peptides bound to proteins of the major histocompatibility 

complex. 

1-15 Two major types of T cells recognize peptides bound by two 

different classes of MHC molecule. 
1-16 T cells control B-cell activation. 

Summary. 

Innate and adaptive immunity. 

1-17 An innate system of host defense operates during the early 

phases of an infection. 
1-18 The innate immune response has both humoral and 

cell-mediated components that parallel the effector 

mechanisms of the adaptive immune response. 
1-19 Infection often triggers an inflammatory response. 
1-20 Specific recognition of pathogens by antibodies activates 

non-specific accessory cells. 
1-21 Adaptive immunity generates a long-lived state of heightened 

specific reactivity known as immunological memory. 

Summary. 



The immune system in health and disease. 

1-22 Immunodeficiency diseases illustrate the importance of 

individual components of the immune system in host defense 

against infection. 
1-23 Normal immune responses to innocuous antigens are the 

cause of allergies. 
1-24 The immune response is the major barrier to tissue 

transplantation. 

1-25 Immune responses to self tissues cause autoimmune tissue 

destruction and autoimmune disease. 
1-26 Specific stimulation of an immune response can prevent 

infectious disease and could be used as a therapy for cancer. 
1-27 Specific inhibition of an immune response could control allergy, 

autoimmunity, and graft rejection. 

Summary. 

Summary to Chapter 1. 



Chapter 2: The Induction, Measurement, and 
Manipulation of the Immune Response 



The induction and detection of immune responses. 

2-1 Antibodies can be produced against almost any substance. 

2-2 The immunogenic^ of a protein reflects both its intrinsic 

properties and host factors. 
2-3 Immunogenicity can be enhanced by administration of proteins 

in adjuvants. 

2-4 The response to a protein antigen is influenced by the dose, 

form, and route of administration. 
2-5 B-cell responses are detected by antibody production. 
2-6 T-cell responses are detected by their effects on other cells. 

Summary. 

The measurement and use of antibodies. 

2-7 The amount and specificity of antibody can be measured by 

direct binding to antigen. 
2-8 Antibody binding can be detected by changes in the physical 

state of the antigen. 
2-9 Anti-immunoglobulin antibodies are a useful tool for detecting 

bound antibody molecules. 
2-10 Antisera contain heterogeneous populations of antibody 

molecules. 

2-11 Monoclonal antibodies have a homogeneous structure and can 

be produced by cell fusion or by genetic engineering. 
2-12 The affinity of an antibody can be determined directly by 

binding to small Ngands. 
2-13 Antibodies can be used to identify antigen in cells, tissues, and 

complex mixtures of substances. 
2-14 Antibodies can be used to isolate protein antigens for further 

characterization. 

2-15 Antibodies can be used to identify genes and their products. 
Summary. 
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Basic Concepts in knrnunblogy 



Many microorganisms, especially bacteria, have conserved surface mol- 
ecules that are recognized by phagocytic cells, which play an important 
part in the early elimination of infection as well as serving as professional 
antigen-presenting cells and thereby inducing the later adaptive immune 
responses. These phagocytic cells include macrophages and neutro- 
phils, which not only ingest and destroy extracellular microorganisms, 
and in particular bacteria, but are also important in recruiting other cells 
and molecules of the immune system by releasing chemicals that have 
effects collectively called inflammation. 
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Infection often triggers an inflammatory response. 



The term inflammation is purely descriptive and was originally defined 
by the four Latin words dolor, rubor, calor, cind tumor, meaning pain, 
redness, heat, and swelling. These changes result from changes in the local 
blood vessels, leading to their dilation, increased permeability, and 
increased stickiness for passing leukocytes and lymphocytes. The in- 
creased blood flow accounts for the heat and redness, while the leakage of 
cells and fluids into the tissue and their local actions account for the pain 
and swelling. The main cell types seen in inflammatory responses are 
polymorphonuclear neutrophilic leukocytes together with macrophages 
and their precursor monocytes; these are therefore known as 
inflammatory cells. Lymphocytes, as well as small numbers of eosino- 
phils and basophils, also accumulate at sites of inflammation and, when 
extreme vascular leakage occurs, red blood cells may also occasionally be 
found. Inflammatory responses can be triggered directly by pathogens, es- 
pecially bacteria, early in infection, and may be sustained later by antibod- 
ies and by T cells, which release inflammatory factors. In the early phase of 
an infection, inflammatory responses are important in attracting non- 
specific inflammatory cells such as monocytes and neutrophils to the site 
of an infection. Later, the same changes attract effector lymphocytes, and 




Fig. 1 .32 Bacterial infection triggers an inflammatory 
response. Macrophages encountering bacteria in the tissues 
are triggered to release chemicals that increase the permeability 
of blood vessels, allowing fluid and proteins to pass into the 
tissues. The stickiness of the endothelial cells of the blood 
vessels is also changed, so that cells adhere to the blood vessel 
wall and are able to crawl through it: macrophages and 



polymorphonuclear neutrophilic leukocytes (neutrophils) are 
shown here entering the tissue from a blood vessel. The 
accumulation of fluid and cells at the site of infection causes the 
swelling, heat, and pain that are collectively known as 
inflammation. Macrophages and neutrophils are the principal 
inflammatory cells. Later in an immune response, activated 
lymphocytes also contribute to inflammation. 




Innate and adaptive immunity. 



the increased permeability of the blood vessels allows the passage of 
antibodies into infected tissues (Fig. 1.32). 

Manv different stimuli can trigger inflammatory responses. Physical in- 
jury"from wounds or burns releases proteins from tissues that trigger 
acute inflammatory reactions similar to those activated directly by bac- 
teria. Chronic inflammatory processes are usually triggered by T cells, 
especially those that activate macrophages, as activated macrophages 
frequently cause local tissue damage through the release of mediators 
similar to those elicited by bacteria. Finally, some forms of acute inflam- 
matory response are triggered by specific antibodies binding to antigen 
and activating the complement system, or interacting with accessory 
cells through their receptors for bound antibody molecules, as we shall 
see in the next section. The inflammatory response is a general term to 
describe both the gross and microscopic picture of local tissue infiltration 
by fluid and cells triggered in these different ways. 



1-20 Specific recognition of pathogens by antibodies activates 
non-specific accessory ceils. 

Many microorganisms have evolved adaptations to their surface molecules 
that enable them to escape direct detection by any of the innate 
mechanisms we have described above. These microorganisms must be 
recognized by lymphocytes whose diverse receptors enable them to 
detect any pathogen and mount an adaptive immune response. The 
mechanisms whereby microorganisms are then destroyed, however, are 
essentially the same for the innate and adaptive arms of the immune 
response. 

Thus, bacteria that resist direct binding by complement and are not bound 
by acute-phase proteins can become coated with specific antibodies. Once 
the antibodies have bound to the bacterium, they in turn recruit 
complement (see Fig. 1.22), as well as accessory effector cells that have 
receptors for bound antibody and complement molecules. These effector 
cells are the same as those that participate in innate immunity, and thus 
antibody, by flagging a pathogen as foreign, is able to overcome the ability 
of some pathogens to evade innate immune mechanisms. The accessory 
cells and the mechanisms whereby they eliminate pathogens are 
summarized in Fig. 1.33; we shall learn more about these cells when we 
discuss humoral immunity in Chapter 8. 

Similarly, T cells recognize antigen specifically, but then trigger effector 
mechanisms that are not antigen specific. Specificity in cell-mediated 
immunity comes from the antigen-specific release of antigen-nonspecific 
effector "molecules. Thus, killer CDS T cells release their cytotoxic 
molecules only when they encounter an infected host cell, and inflamma- 
tory CD4 T cells activate only infected macrophages. Only in the case of 
B-cell activation by helper T cells is the target of T-cell action also antigen 
specific; however in this case, as we have just seen, the effector 
mechanism ultimately activated by the antibodies will not be antigen- 
specific. Thus, in both humoral and cell-mediated immunity, specificity 
derives from the clonally distributed receptors on antigen-specific lym- 
phocytes, while effector function is mediated by cells and molecules that 
are not specific for antigen. This allows the same effector mechanisms to 
be used in response to a wide range of distinct pathogens. 
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stimulates the growth of others. Often, TGF-/? can 
either inhibit or stimulate growth of the same cell 
type, depending upon culture conditions such as de- 
gree of confluence. TGF-/? causes synthesis of extra- 
cellular matrix proteins, such as collagens, and of cel- 
lular receptors for matrix proteins. (The ability of 
TGF-jS to induce extracellular matrix probably un- 
derlies its ability to promote cell growth in soft agar.) 
In vivo, TGF-£ causes the growth of new blood ves- 
sels, a process called angiogenesis. 

As a cytokine, TGF -ft is potentially important be- 
cause it antagonizes many responses of lymphocytes. 
For example, TGF-£ inhibits T cell proliferation to 
polyclonal mitogens or in mixed leukocyte reactions 
(see Chapter 16) and inhibits maturation of CTLs. It 
can also inhibit macrophage activation. TGF-/? also 
acts on non-immune effector cells, such as polymor- 
phonuclear leukocytes and endothelial cells, again 
largely to counteract the effects of pro-inflammatory 
cytokines. In this sense, TGF-/? is an "anti-cyto- 
kine" and may be a signal for shutting off immune 
responses. Signals that cause T cells to synthesize 
TGF-jff may cause them to behave as suppressor cells 
(see Chapter 10). In vivo, certain tumors may escape 
an immune response by secreting large quantities of 
TGF-/?. 

Although TGF-/? is largely a negative regulator of 
immunity, it may have some positive effects as well. 
For example, in mice, TGF-£ has been shown to 
switch B cells to the IgA isotype and it may therefore 
be important in the generation of mucosal immune 
responses that are mediated by IgA. 

Cytokines That Activate 
Inflammatory Cells 

We will now discuss a group of cytokines derived 
principally from antigen-activated CD4 + and CD8+ T 
lymphocytes that serve primarily to activate the func- 
tions of nonspecific effector cells. Thus, these cyto- 
kines mediate the effector phase of cell-mediated im- 



mune responses. The molecules described in this 
section are summarized in Table 11-3. 

Immune or Gamma Interferon 

Gamma interferon (IFN-y), also called immune 
or type II interferon, is a homodimeric glycoprotein 
containing approximately 21 to 24 kD subunits. The 
size variation of the subunit is caused by variable de- 
grees of glycosylation, but each subunit contains an 
identical 18 kD polypeptide encoded by the same 
gene. IFN-y is produced both by IL-2 secreting CD4+ 
helper T cells and by nearly all CD8+ T cells. Tran- 
scription is directly initiated as a consequence of anti- 
gen activation and is enhanced by IL-2. IFN-y has 
been detected in profoundly T cell -deficient animals, 
and the presumed source in this setting is NK cells; 
however, NK cells appear to be a minor source of 
IFN-y in normal individuals. 

As its name implies, IFN-y shares many activities 
with type I IFN. Specifically, IFN-y induces an anti- 
viral state and is antiproliferative. However, IFN-y 
binds to a unique cell surface receptor, different from 
that utilized by type I IFN. The IFN-y receptor is not 
related structurally to the other receptor families de- 
scribed earlier. More importantly, IFN-y has several 
properties related to immunoregulation that separate 
it functionally from type I IFN. 

1. IFN-y is a potent activator of mononuclear pha- 
gocytes. It directly induces synthesis of the enzymes 
that mediate the respiratory burst, allowing macro- 
phages to kill phagocytosed microbes. Along with sec- 
ond signals, such as LPS and perhaps TNF, it allows 
macrophages to kill tumor cells. Cytokines that cause 
such functional changes in mononuclear phagocytes 
have been called macrophage-activating factors 
(MAFs). IFN-y is the principal MAF and provides the 
means by which T cells activate macrophages. Other 
MAFs include GM-CSF and, to a lesser extent, IL-1, 
TNF, and, in the mouse, IL-4. Macrophage activation 
is described in more detail in Chapter 12. It is worth 
noting here that macrophage activation actually in- 



TABLE 11-3. Mediators of Effector Cell Activation 


Cytokine 


Number 
of Genes 


Polypeptide 
Size 


Cell 
Source 


Cell 
Target 


Primary Effects 
on Each Target 


Gamma interferon 


1 


21-24 kD (homodimer) 


T cell, 
NK cell 


Mononuclear 
phagocyte 
Endothelial cell 
NK cell 
AH 


Activation 

Activation 
Activation 

Increased class I and class 11 
MHC molecules 


Lymphotoxin 


1 


24 kD (homotrimer) 


Tcell 


Neutrophil 
Endothelial cell 


Activation 
Activation 


lnterleukin-5 


1 


20 kD (monomer) 


Tcell 


Eosinophil 
B cell 


Activation 

Growth and activation 


Migration inhibition 
factor 


? 


? 


Tcell 


Mononuclear 
phagocyte 


Conversion from motile to 
immotile state 



Abbreviations: NK, natural killer; kD, kilodalton; MHC, major histocompatibility complex. 
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volves several different responses, and macrophages 
are said to be activated when they perform a particu- 
lar function being assayed. For example, IFN-y fully 
activates macrophages to kill phagocytosed microbes 
but only partly activates macrophages to kill tumor 
cells. 

2. IFN-y increases class I MHC molecule expres- 
sion and, in contrast to type I IFN, also causes a wide 
variety of cell types to express class II MHC molecules. 
Thus, IFN-y amplifies the cognitive phase of the im- 
mune response by promoting the activation of class 
II -restricted CD4+ helper T cells. In vivo, IFN-y can 
enhance both cellular and humoral immune re- 
sponses through these actions at the cognitive phase. 

3. IFN-y acts directly on T and B lymphocytes to 
promote differentiation. It is one of the factors that 
promotes CTL maturation and also stimulates B cell 
secretion of antibody. In mice, it causes B cell switch- 
ing to the Ig2a isotype. IFN-y is not a growth factor for 
lymphocytes and often inhibits proliferation of lym- 
phocytes, particularly B cells. In mice, IFN-y can an- 
tagonize IL-4 mediated effects, such as isotype 
switching to IgE. 

4. IFN-y activates neutrophils, upregulating their 
respiratory burst. It is a less potent activator of neu- 
trophils than TNF or lymphotoxin. 

5. IFN-y is a potent activator of NK cells, more so 
than type I IFN. 

6. IFN-y is an activator of vascular endothelial 
cells, promoting CD4+ T lymphocyte adhesion and 
morphologic alterations that facilitate lymphocyte ex- 
travasation. As mentioned earlier, IFN-y also poten- 
tiates many of the actions of TNF on endothelial cells. 

Lymphotoxin 

Lymphotoxin is a 21 to 24 kD glycoprotein that is 
approximately 30 per cent homologous to TNF and 
competes with TNF for binding to the same cell sur- 
face receptors. In humans, LT and TNF genes are lo- 
cated in tandem within the MHC on chromosome 6 
(see Chapter 5). LT is produced exclusively by acti- 
vated T lymphocytes and is often produced coordi- 
nate^ with IFN-y by such cells. Human LT, unlike 
TNF, contains one or two N-linked oligosaccharides 
(accounting for the variability in molecular sizes). In 
further contrast to TNF, LT is synthesized as a true 
secretory protein without a membrane-spanning re- 
gion. 

Most studies have found little difference between 
the biologic effects of TNF and LT, consistent with 
their binding to the same receptor. The most impor- 
tant distinction between these cytokines appears to 
be that LT is exclusively synthesized by T cells, 
whereas TNF, although made by T cells, is predomi- 
nantly derived from mononuclear phagocytes. In gen- 
eral, the quantities of LT synthesized by T cells are 
much less than the amounts of TNF made by LPS- 
stimulated mononuclear phagocytes and LT is not 
readily detected in the circulation. Therefore, LT is 
usually a locally acting paracrine factor and not a me- 
diator of systemic injury. Although neither TNF nor 
LT is toxic for normal (non-neoplastic) cells, both 



factors may contribute to CTL -mediated lysis of tar- 
get cells (see Chapter 12). Like TNF, LT is a potent 
activator of neutrophils and thus provides lympho- 
cytes with a means of regulating acute inflammatory 
reactions. It is more potent than IFN - y as an activator 
of neutrophils and the actions of LT are enhanced by 
IFN-y. LT is also an activator of vascular endothelial 
cells, causing increased leukocyte adhesion, cytokine 
production, and morphologic changes that facilitate 
leukocyte extravasation. These effects, like those of 
TNF, are also enhanced by IFN-y. 

Interleukin-5 

Interleukin-5 (IL-5) is a cytokine of approxi- 
mately 20 kD produced by certain activated CD4+ T 
cells and by activated mast cells. IL-5 acts as a co- 
stimulator for the growth of antigen-activated mouse 
B cells and was previously called either B cell growth 
factor 2 or T cell replacing factor. IL-5 may function 
synergistically with other cytokines, such as IL-2 and 
IL-4, to stimulate the growth and differentiation of B 
cells. IL-5 has also been found to act on more mature 
B cells to cause increased synthesis of immunoglobu- 
lin, especially of IgA. These actions are discussed in 
greater detail in Chapter 9. 

An important action ofIL - 5 is its ability to stimulate 
the growth and differentiation of eosinophils and to acti- 
vate mature eosinophils in such a way that they can kill 
helminths. In mice, neutralizing antibodies to IL-5 in- 
hibit the eosinophilia seen in response to helminthic 
infection. Thus, IL-5 provides a means by which T 
cells can regulate eosinophil-mediated inflammation. 

Migration Inhibition Factor 

We conclude our discussion of cytokines that reg- 
ulate effector cells by considering the issue of migra- 
tion inhibitor factor (MIF). One early view of cell me- 
diated immune reactions proposed that mononuclear 
phagocyte accumulation in tissues depended on the 
retention of such cells in response to locally produced 
cytokines that inhibit motility. It now seems more 
likely that retention of leukocytes in the tissues is 
controlled primarily by expression of specific recep- 
tors for extracellular matrix molecules, such as inte- 
grins (see Box 7-4, Chapter 7). Nevertheless, one of 
the first cytokine activities identified was one that 
inhibited macrophage motility in vitro, called migra- 
tion inhibition factor. MIF has still not been identified 
as a unique cytokine, although some recently cloned 
molecules appear to demonstrate MIF activity. At 
present, both the biochemical identity and biologic 
signifiance of MIF remain largely undefined. 

Cytokines That Stimulate 
Hematopoiesis 

Several of the cytokines generated during both 
natural immunity and antigen-induced specific im- 
mune responses have potent stimulatory effects on 
the growth and differentiation of bone marrow pro- 
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brae, iliac bones, and ribs. The red marrow that is 
found in these bones consists of a sponge-like reticu- 
lar framework located between bony trabeculae. The 
spaces in this framework are filled by fat cells and the 
precursors of blood cells, which mature and exit via 
the dense network of vascular sinuses to become part 
of the circulatory system. 

All the blood cells originate from a common stem 
cell that becomes committed to differentiate along 
particular lineages, i.e., erythroid, megakaryocyte, 
granulocytic, monocytic, and lymphocytic (Fig. 2-8). 
Cytokines are known to stimulate the proliferation 
and maturation of various precursors. Since these 
growth factors are assayed by their ability to stimulate 
different types of leukocyte colonies to develop from 
marrow cells in vitro, they are called "colony-stimulat- 
ing factors" (CSFs). Several of these cytokines are 
produced by T lymphocytes, including interleukin-3 
(IL-3, also called multi-CSF), which acts on all stem 
cells, and granulocyte-monocyte -CSF (GM-CSF), 
which stimulates the formation of granulocytes and 
monocytes. Macrophages and marrow stromal cells 
produce GM-CSF and additional CSFs specific for 
granulocytes (G-CSF) or monocytes (M-CSF). Mac- 
rophages and stromal cells in the bone marrow pro- 
duce two other cytokines, called interleukin-1 and in- 
terleukin-6, which further enhance colony formation 
by hematopoietic precursors in the presence of CSFs. 
A cytokine called interleukin-7, also produced by 
marrow stromal cells, has been shown to preferen- 
tially stimulate the maturation of B lymphocytes from 
marrow precursors. The properties and functions of 
these cytokines are described in Chapter 11. How- 
ever, little is known about the nature of the uncommit- 



ted stem cell or the mechanisms that regulate its com- 
mitment to specific lineages. In 1988, techniques for 
reconstituting the immune system of congenitally lm- 
munodeficient mice with human lymphohematopoie- 
tic stem cells were described. These immunodeficient 
mice lack T and B lymphocytes, and after the implan- 
tation of human hematopoietic tissues, mature human 
T and B cells develop in the animals and populate the 
circulation and peripheral lymphoid tissues. Such ap- 
proaches hold great promise for more precise identi- 
fication and characterization of stem cells and their 
developmental pathways. 

Thymus 

The thymus is a bilobed organ situated in the 
anterior mediastinum. Each lobe is divided into multi- 
ple lobules by fibrous septa, and each lobule consists 
of an outer cortex and an inner medulla (Fig. 2-9). 
The cortex contains a dense collection of T lympho- 
cytes and the lighter-staining medulla is more 
sparsely populated with lymphocytes. Scattered 
throughout the thymus are non-lymphoid epithelial 
cells which have abundant cytoplasm, as well as bone 
marrow -derived dendritic cells and macrophages. In 
the medulla are structures called Hassall's corpus- 
cles, which are composed of tightly packed whorls of 
epithelial cells that may be remnants of degenerating 
cells. The thymus has a rich vascular supply and effer- 
ent lymphatic vessels that drain into mediastinal 

lymph nodes. 

The lymphocytes in the thymus, also called thy- 
mocytes, are T lymphocytes at various stages of matu- 
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ration. Precursors that are commit ed to the T cell 
lineage enter the thymic cortex via blood vessels It is 
not known whether B cell precursors enter the thy- 
mus and fail to survive or whether there are mecha- 
nisms that ensure that only cells committed to devel- 
oping into T lymphocytes can enter the thymus. The 
XsUmmature thymocytes do not express receptors 
for antigens or surface markers, including CD4 and 
CD8, that are characteristic of the mature Phenotype_ 
These immature cells migrate from the cortex toward 
the medulla and come into contact with epithelial 
ceUs macrophages, and dendritic cells. Efficient con- 
tec may occur in lymphoepithelial complexes ,n 
which lymphocytes are found close yapi»«J ^ he 
invaginated plasma membranes of large epithe al 
cells called "nurse cells." En route to the medulla, 
thymocytes begin to express receptors for antigens 



and surface markers that are present on mature, pe- 
HpliS lymphocytes. Thus, the medulla conUins 
mostly mature T cells, and only mature CD4+ or CDS 
T cells Txit the thymus and enter the blood, lymph, 
and peripheral lymphoid tissues. 

From the large number of primitive T eel s that 
enter the thymus, cells that might recogmze self anti- 
gens do not survive, whereas cells whose receptors 
are specific for foreign antigens are stimulated to ma- 
nure These selection processes, which are critical for 
the ability of the immune system to discriminate be- 
tween seH and non-self, are described in considerable 
deST in Chapter 8. The thymus is the site of remark- 
ab e proliferation as well as eliminat.on of lympho- 
cytes which presumably reflect the selection of for- 
eign antigen specific cells and the deletion of 
potentially self-Veactive T cells. It is estimated that in 
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mice about 50 X 10 6 immature cells enter the thymus 
each 'day and fewer than 1 X 10 6 mature cells leave. 
The thymus undergoes physiologic involution with 
aging, so that by puberty it is difficult to locate. Matu- 
ration and selection of T lymphocytes continue wel 
into adult life, suggesting that either the remnants of 
the thymus that are present in adults are adequate for 
performing these functions or extrathymic T cell mat- 
uration can also occur. However, no such extrathymic 
sites of T cell development have been identified. 

Lymph Nodes 

Lymph nodes are small nodular aggregates of 
lymphoid tissue situated along lymphatic channels 
throughout the body. Epithelia, such as the skin and 
the mucosa of the gastrointestinal and respiratory 
tracts as well as connective tissues and most organs 
have 'a lymphatic drainage. Antigens that enter 
through any of these portals end up in lymphatic ves- 
sels whose contents are "sampled" by lymph nodes 
for the presence of foreign substances. Each node is 
surrounded by a fibrous capsule that is pierced by 
numerous afferent lymphatics, which empty the 
lymph into a subcapsular sinus (Fig. 2-10). The node 
consists of an outer cortex in which there are aggre- 
gates of cells constituting the follicles, some of which 
contain central areas called germinal centers that 
stain lightly with commonly used histologic stains. 
The inner medulla contains less dense lymphocytes 
and mononuclear phagocytes scattered among lym- 
phatic and vascular sinusoids. Lymphocytes and ac- 
cessory cells are often found in close proximity but do 
not form intercellular junctions, which is probably 
important for maintaining their ability to migrate and 
recirculate between the lymph, blood, and tissues. 
The lymph that enters the subcapsular sinus perco- 
lates through the cortex and medulla and exits via a 
single efferent lymphatic located in the hilum of the 
node. In addition, each node has a vascular supply 
with afferent and efferent vessels at the hilum. 

Different classes of lymphocytes and non-lym- 
phoid accessory cells are sequestered in particular 
areas of the node. Follicles without germinal centers, 
which are called primary follicles, contain predomi- 
nantly mature, resting B lymphocytes that have appar- 
ently not been stimulated recently by antigens. The 
germinal centers, which develop in response to anti- 
genic stimulation, contain numerous large lympho- 
cytes with phenotypic characteristics of activated B 
cells The germinal centers are believed to be one of 
the sites where B lymphocytes proliferate and differ- 
entiate into antibody-secreting cells in response to 
antigenic stimulation. It is estimated that the cell cycle 
time of germinal center B cells is as short as 6 hours. 
Since plasma cells are rare at these sites, it is possible 
that the terminal differentiation of B cells occurs out- 
side the germinal centers. It is also believed that the 
activation of memory B cells, the production of anti- 
bodies with increased affinities for antigens, and the 



appearance of different classes of antibodies (de- 
scribed in Chapters 4 and 9) are three aspects of anti- 
gen-stimulated B cell differentiation that are initiated 
largely in germinal centers. Since these events usually 
require the participation of helper T lymphocytes, it is 
not surprising that germinal center development is T 
cell - dependent and is not seen in individuals congen- 
ially deficient in T cells. In addition to lymphocytes, 
lymphoid follicles contain macrophages and scat- 
tered dendritic cells (also called interdigitating retic- 
ular cells) that function as accessory cells in immune 
responses. Also, in the germinal centers there are fol- 
licular dendritic cells that have long cytoplasmic 
processes, express large numbers of receptors for an- 
tibodies (Fc receptors) on their surfaces, and are dif- 
ferent from the "dendritic cells" mentioned above. 
Follicular dendritic cells are believed to be important 
in capturing antigens complexed with preformed anti- 
bodies and, therefore, in the activation of memory B 
cells to generate secondary antibody responses. 

The T lymphocytes are located predominantly in 
the interfollicular areas of the cortex and paracortical 
zones in the medulla (Fig. 2-10). Most of these are 
CD4 + helper T cells, intermingled with relatively 
sparse CD8+ cells. Some CD4+ T cells are also scat- 
tered in germinal centers, where their role may be to 
help the proliferation and differentiation of antigen- 
stimulated B lymphocytes. The proximity of helper T 
cells and the B cells that are the recipients of T cell 
help is important because helper function is mediated 
largely by secreted cytokines, which act at short dis- 
tances, close to the sites where they are produced 
(see Chapter 9). Dendritic (interdigitating reticular) 
cells are abundant in the T cell areas, which is consist- 
ent with their postulated role in presenting foreign 
antigens to T lymphocytes. 

The medulla contains scattered lymphocytes, 
large numbers of macrophages and dendritic cells, 
and in nodes draining sites of immunization, numer- 
ous 'plasma cells, all of which are interspersed with 
lymphatic channels. 

The mechanisms responsible for the anatomic 
sequestration of different classes of lymphocytes in 
distinct areas of the node are unclear. One possibility 
is that compartmentalization is maintained by spe- 
cific adhesions of different lymphocytes with stromal 
cells or extracellular matrix proteins. Although the 
anatomy of the immune response is poorly under- 
stood it is likely that this cellular organization pro- 
motes interactions between the participating cell 
types and is critically important for the generation of 
immunity. Studies using labeled antigens indicate that 
a protein antigen that enters the lymph node in an 
unimmunized individual is trapped by macrophages 
and dendritic cells and largely degraded. Peptide 
fragments of the injected antigen, attached to the sur- 
faces of accessory cells, stimulate helper T lympho- 
cytes (see Chapter 6). The first wave of mitotic activity 
is seen in the T cell zones within 1 to 2 days after 
immunization. Proliferation of B cells follows, after 
which germinal centers develop and the B lympho- 
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Abstract 

The evolutionarily conserved, secreted protein Twisted gastrulation (Tsg) modulates morpho- 
genetic effects of decapentaplegic (dpp) and its orthologs, the bone morphogenetic proteins 2 
and 4 (BMP2/4), in early Drosophila and vertebrate embryos. We have uncovered a role for 
Tsg at a much later stage of mammalian development, during T cell differentiation in the thy- 
mus. BMP4 is expressed by thymic stroma and inhibits the proliferation of CD4~CD8~ dou- 
ble-negative (DN) thymocytes and their differentiation to the CD4+CD8+ double-positive 
(DP) stage in vitro. Tsg is expressed by thymocytes and up-regulated after T cell receptor sig- 
naling at two developmental checkpoints, the transition from the DN to the DP and from the 
DP to the CD4 + or CD8 + single-positive stage. Tsg can synergize with the BMP inhibitor 
chordin to block the BMP4-mediated inhibition of thymocyte proliferation and differentiation. 
These data suggest that the developmentally regulated expression of Tsg may allow thymocytes 
to temporarily withdraw from inhibitory BMP signals. 

Key words: BMP4 • Twisted gastrulation • thymocyte development • chordin • morphogen 



Introduction 

Thymocyte differentiation is controlled by signals via the 
pre-TCR and the TCR (for reviews, see references 1-3). 
Progression from the CD4~CD8~ double-negative (DN)* 
to the CD4 + CD8 + double-positive (DP) stage in cells des- 
tined for the TCR a(S lineage is driven by pre-TCR sig- 
naling and requires TCRp chain rearrangement, expression, 
and pairing with the pre-TCR a chain. The acquisition of 
CD4 and CD8 is accompanied by a burst of proliferation, 
the cessation of further V to DJ rearrangement at the TCR 
p locus and proceeds through a transitional stage where (in 
the mouse strains used in this study) CD8 is expressed be- 
fore CD4 (1). Recombination-deficient thymocytes are 
blocked at the CD4-CD8"CD25 + CD44- stage of develop- 
ment but antibodies to the CD3e signaling chain can 
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mimic pre-TCR signaling and trigger progression to the 
DP stage (2). Further development from the DP to the 
CD4 + or CD8 + single-positive (SP) stage of development 
requires rearrangement and pairing of TCRot with TCRP 
and the engagement of the resulting heterodimer with suit- 
able peptide/MHC ligands on thymic stromal cells (3). 

The control of cellular differentiation by antigen recep- 
tor rearrangement, expression, and engagement is unique 
to lymphocytes and (in evolutionary terms) a recent addi- 
tion to older systems comprising soluble and cell-associated 
factors that control the survival, growth, and differentiation 
of cells and tissues in all multicellular organisms. For exam- 
ple, thymocyte survival and differentiation are promoted by 
cytokines including IL-7 (4), c-Kit ligand (5), IL-1, and 
TNF (6), and signaling through Notch (7) participates in T 
cell lineage commitment (8). Comparatively litde is known 
about the role of patterning molecules or morphogens in 
lymphocyte development (9-12). 

In a screen for genes that are regulated in a developmen- 
tal stage-specific manner in thymocytes (13) we have iden- 
tified Twisted gastrulation (Tsg; reference 14). Recent studies 
have revealed that the Tsg protein interacts with Drosophila 
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decapentaplegic (dpp), the vertebrate dpp orthologs bone 
morphogenetic protein (BMP)2/4, and also the extracellu- 
lar dpp/BMP inhibitors short gastrulation (sog)/chordin 
+ (15-20). In addition, Tsg can alter the proteolytic process- 
T\ ing of sog/chordin by extracellular metalloproteases (16', 
\ 20). As a result, Tsg affects the binding of dpp/BMP2/4 to 
their cellular receptors and downstream signaling events 
- ' mediated- by the phosphorylation, nuclear translocation, 
and transcriptional activity of Smad proteins (for a review, 
see reference 21) positively (15, 20) or negatively (16-20). 
BMPs belong to a family of secreted signaling molecules 
the founding member of which, TGF0, is essential for im- 
mune homeostasis (11, 22). In addition to a well-estab- 
lished role in embryonic patterning and development (23), 
BMP4 has been linked to hematopoesis: it specifies ventral 
mesoderm and blood cell formation in the Xenopus embryo 
(24), cooperates with VEGF to enhance hematopoetic cell 
generation from ES cells (25), is expressed in the human fe- 
tal AGM region (26), and regulates primitive human he- 
matopoetic cell proliferation (27). There is evidence that 
components of the BMP signaling pathway are expressed in 
the thymus, including BMP4 itself (9), the extracellular 
BMP inhibitor chordin (28), the BMP receptor compo- 
nents activin-like kinase (ALK)-3 and -6 (BMPR1A and 
-B; reference 29), and Smad proteins (30, 31), the down- 
stream mediators of BMP signaling. However, a role for 
BMP signals in thymocyte development has not been de- 

} scribed. Furthermore, our understanding of Tsg is currendy 
limited to early embryonic development (15-20, 32). We 
Vhave investigated the effects of BMP4 and its modulation 
by Tsg during the transition from the CD4'CD8" DN to 
the CD4 + CD8 + DP stage of thymocyte development. 

Materials and Methods 

Mouse Strains, Cell Sorting, Cell and Organ Culture. Thymi 
were derived from wild-type (BALB/c or C57BL/6), recombina- 
tion activating gene (Rag)l°'« (33), or A^ /o P2m o/o (34, 35; re- 
ferred to as MHC o/o in this manuscript). Where indicated, 3-4- 
wk-old Rag- 1 0/0 mice were injected with 50 u>g of the CD3e 
mAb 2C11 (BD PharMingen). Thymocyte organ cultures and 
suspension cultures of mechanically dissociated or trypsinized fetal 
thymi were set up as hanging drops in inverted Terasaki plates 
(Nunc) in serum-free AIM-V lymphocyte medium (GIBCO 
BRL) supplemented with 2 X 10~ 5 M 2-ME, where indicated in 
the presence of recombinant BMP2, -4, and -7, chordin, neutral- 
izing anti-BMP4 or BMPR-IA/Fc (all from R&D Systems), 
TGFpl (Sigma-Aldrich), or the CD3e antibody 2C11 (BD 
PharMingen). Recombinant mouse Tsg was produced in X63 
myeloma cells transfected with full-length mTsg cDNA (14) 
tagged with a COOH-terminal HA epitope and inserted into the 
BCMGS neo vector (36). Supernatant was concentrated, mTsg- 
HA captured with anti-HA-conjugated agarose beads (Sigma- 
Aldrich) and eluted by incubation of the washed beads with 100 
p-g/ml HA peptide (Sigma-Aldrich). Western analysis of the ma- 
terial with an anti-HA antibody (Sigma-Aldrich) showed a single 
band at ~25 kD. Tsg concentration was estimated by gel staining 
since the HA peptide used for elution interfered with measure- 
ment of protein concentration. Supernatant from X63 cells trans- 
fected with empty BCMGS neo vector treated in the same way 



served as a control for mTsg-HA. All Tsg effects were confirmed 
using commercial mTsg (R&D Systems) which became available 
during the course of this study. 

For some experiments thymocytes were stained with biotiny- 
lated antibodies to CD4 or CD8 and depleted with streptavidin- 
coated paramagnetic beads (Dynal). Thymic stromal cells were 
prepared by trypsinization of deoxyguanosine- treated fetal thymi 
and centrifugation over 55% Percoll (Amersham Pharmacia Bio- 
tech). Wild-type thymi were cultured for 18 to 72 h, thymus cell 
suspensions and thymocytes for 18 h, and Ragl o/o thymi for 48- 
72 h in the presence of the 2C11 mAb at 1 |xg/ml. For pheno- 
typic analysis on a FACSCalibur™ (Becton Dickinson) cells were 
counted and stained with CD4-PE or Cy-5 and CD8-FITC or 
-Cy5 (Caltag Laboratories), fixed for 10 min at room temperature 
in 0.2% paraformaldehyde, permeabilized with 0.2% Tween-20 
for 15 min at 37°C, and incubated with 7-amino actinomycin D 
(7AAD). For sorting of DN and CD 8 transitional cells on a 
FACS Vantage™ (Becton Dickinson), thymocytes were stained 
with CD4-Tricolor, CD8-PE (Caltag Laboratories), and heat sta- 
ble antigen (HSA)-FITC. 

Immunohistochemistry and RNA In Situ Hybridization on Frozen 
Sections. Thymi from 3-4-wk-old C57BL/6 mice were snap 
frozen, 6-p.m sections were prepared. For immunohistochemis- 
try, sections were fixed in acetone and stained using polyclonal 
goat anti-BMP2/4 (R&D Systems) followed by horseradish per- 
oxidase-conjugated rabbit anti-goat Ig antibody (Dako) and liq- 
uid DAB substrate-chromogen solution (Dako) according to the 
manufacturer's instructions. Slides were counterstained with 
Mayer's Hematoxylin (Sigma-Aldrich) and mounted in Kaiser's 
solution (14). Sense and antisense riboprobes were synthesized 
from a cloned PCR fragment spanning exon 4 of mTsg (14) in 
the presence of 11-dUTP digoxigenin (Roche) with T3 or T7 
RNA polymerase. After hybridization, high-stringency washing, 
and RNase A digestion, the sections were incubated with alkaline 
phosphatase-conjugated anti-digoxigenin (Roche). BC1P/NBT 
(Roche) was used as substrate for detection. The sections were 
counterstained with nuclear fast red (Vector Laboratories), 
mounted in Mowiol solution (Calbiochem), and photographed. 

Molecular Cloning and Analysis. Expression studies were per- 
formed as reported previously (14, 37). For Northern blots, 1-5 
p.g total RNA were separated on 1% agarose gels containing for- 
mamide. The RNA was transferred to HybondN+ Nylon 
membranes and hybridized in 1.5 X SSPE, 10% PEG 8000, 7% 
SDS at 68°C overnight. After washing in decreasing SSC con- 
centrations and a final stringency wash in 0.1 X SSC, 0.5% SDS 
at 60°C the membranes were exposed to BioMax-MS film (East- 
man Kodak Co.). 

For reverse transcription (RT)-PCR experiments, 0.3-1 \Lg 
total RNA were reverse transcribed with AMV reverse tran- 
scriptase (Promega) and amplified with the following primers at 
annealing temperatures of 60°C to 63°C: BMP2 no. 465 TAC- 
CGCAGGCACTCAGG, no. 466 CATTCCACCCCACAT- 
CACT; BMP4 no. 467 CGAGGCGACACTTCTACAG, no. 
468 TGGGGGCTTCATAACCT; chordin: no. 473 CAAGC- 
CTCAGCGGAAGAA, no. 474 CAAGCCCAGCCAATA- 
GAACT; GAPDH: no. 251 TCTTCTTGTGCAGTGCC, no. 
252 ACTCCACGACATACTCAGC. PCR products were ana- 
lyzed on 2% agarose gels and the identity of the bands was con- 
firmed by blotting and hybridizing with specific probes. 

Western Blotting. Phospho-Smad (pSmad)-2-specific antibod- 
ies were used to assess the phosphorylation status of Smad-2. 
Thymocyte lysates were separated (2 X 10 6 cell equivalents per 
lane) on 10% SDS polyacrylamide gels and blotted onto PVDF 



1 64 Twisted gastrulation in Thymocyte Development 



membranes (NEN Life Science Products). Blots were blocked 
(1% nonfat milk in PBS, 0.1% Tween 20 for p-Smad-2; 5% non- 
fat milk in PBS) and probed with rabbit anti-pSmad2 (Upstate 
Biotechnology 06-829) followed by alkaline phosphatase-conju- 
gated anti-rabbit IgG and enhanced chemoluminescence detec- 
tion (Western Star; Tropix) on MR-1 film (Eastman Kodak Co.). 
Blots were stripped and reprobed for total Smad-2 and subse- 
quently for lamin B to control for equal loading and transfer effi- 
ciency (not shown). 



Results 

Tsg Up-regulation After TCR Signaling at Control Points in 
Thymocyte Development. We undertook a screen to find 
novel genes involved in T cell development. MHC-naive 
CD4+CD8+ DP thymocytes (isolated from MHC o/o mice) 
were cocultured with thymic stromal cells derived from 
MHC-expressing (wild-type) or, as a control, from MHC° /o 
thymi (37). This system allowed a comparison of gene ex- 
pression profiles between MHC-exposed and MHC-naive 
thymocytes by differential display PCR (13). The charac- 
terization of a band consistently up-regulated upon TCR 
signaling resulted in the cloning of the mouse homologue 
of Tsg (14). Northern blotting confirmed increased Tsg ex- 
pression by MHC-naive DP thymocytes between 6 and 24 h 
after treatment with antibodies to the TCR alone or in 
combination with anti-CD28 (Fig. 1 a). To investigate Tsg 
expression at the pre-TCR-driven transition from the 
CD4~CD8~ DN to the CD4 + CD8 + DP stage we injected 
Ragl o/o mice with antibodies to CD3s. Thymocyte devel- 
opment in Ragl o/o mice is blocked at the CD44"CD25 + 
DN stage of differentiation and can be rescued by CD3€ 
treatment in vivo which triggers a synchronous wave of 
differentiation from the CD44"CD25 + DN to the DP 
stage (2). This was accompanied by a rise in Tsg expression 
that occurred around 48 h after anti-CD3 injection (Fig. 1 
b), at a time when thymocytes showed reduced CD25 ex- 
pression and increased proliferation but were still DN (ref- 
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Figure 1. TCR-regulated Tsg expression by thymocytes, (a) Increased 
Tsg mRNA expression by MHC-naive DP thymocytes in response to an- 
tibodies to the TCR, with or without CD28 engagement, (b) Increased 
Tsg mRNA expression by DN thymocytes 48 h after injection of Rag-l" /0 
mice with anti-CD3e. In additional experiments, Tsg upregulation occurred 
between 24 and 72 h and persisted until 1 20 h after injection. 



erence 2, and data not shown). We conclude that Tsg is 
differentially expressed after TCR signaling at two devel- 
opmental checkpoints, the transition from the CD4~CD8~ 
DN to the CD4+CD8+ DP and from the DP to the CD4 + 
or CD8+ SP stage. 

The recognized role of Tsg as a modulator of BMP sig- 
naling (15-20) prompted us to reevaluate the expression of 
components of the BMP signaling pathway in the thymus 
(see Introduction). RT-PCR showed the expression of 
BMP2, BMP4, BMP7, and chordin in total thymus tissue 
(Fig. 2 a). Analysis of separated thymocytes and thymic 
stroma established thymic stromal cells as the source of 
BMP2/4 and chordin. BMP7 was expressed by both thy- 
mocytes and stromal cells (Fig. 2 a). Semiquantitative RT- 
PCR analysis confirmed that thymocytes expressed BMP7 
at levels similar to total thymus whereas the levels of BMP4 
and chordin expression in thymocytes were 20- to 100-fold 
lower in thymocytes than total thymus (data not shown). 
The distribution of BMP2/4 protein in the thymus was vi- 
sualized by immunohistochemistry on frozen sections (Fig. 
2, b-e). We noted marked regional differences with stain- 
ing predominandy of subcapsular (sc) and medullary (med) 
regions. Within these areas the signal appeared 'patchy' 
rather than uniform (Fig. 2, c and e). In situ hybridization 
showed Tsg expressing cells distributed throughout the cor- 
tex and the medulla (Fig. 2, f-h). 

BMP4 Can Interfere with Cell Cycle Activity and Develop- 
mental Progression of DN Thymocytes. To assess the func- 
tional effects of BMPs we established thymic organ cul- 
tures at embryonic day 15.5 (E15.5), a time in ontogeny 
when all thymocytes are DN, and analyzed the cell cycle 
distribution as well as the phenotype of thymocytes that 
developed in these cultures. Addition of BMP4 at 100 ng/ 
ml (~6 nM) reduced the percentage of thymocytes in S 
and G2/M phase of the cell cycle by 42 ± 9% (Fig. 3, a 
and b). This inhibition was largely abrogated by a neutral- 
izing antibody to BMP4 (Fig. 3 a). Conversely, treatment 
of thymic organ cultures with recombinant chordin 2 u,g/ 
ml (~20 nM) increased the percentage of thymocytes in S 
and G2/M by 59 ± 30% (Fig. 3 a). As chordin is an extra- 
cellular inhibitor specifically of BMPs but not of TGFp or 
activin (21), the increased proliferation of thymocytes in 
intact thymic lobes treated with chordin suggests that thy- 
mocyte cell cycle activity is subject to BMP-mediated in- 
hibition in situ. 

In addition to proliferation, BMP4 treatment of El 5.5 
thymic organ cultures interfered with the developmental 
progression from the CD4"CD8- DN to the CD4+CD8+ 
DP stage (Fig. 3 b) and reduced the generation of DP cells 
on average by 52 ± 21% (Fig. 3 c). In control experi- 
ments, the survival of sorted E17 DP thymocytes was un- 
affected by overnight culture in BMP4 (100 ng/ml), indi- 
cating that BMP4 was not simply toxic to DP thymocytes 
(data not shown). 

The reduced generation of DP thymocytes in the pres- 
ence of BMP4 could be explained either by a delay in 
TCRp chain rearrangement or by a reduced response to 
pre-TCR signaling. To address this issue we assayed BMP4 
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Figure 2. Expression and distribution of intrathymic BMPs and chordin. (a) Total thymus or isolated stromal cells and thymocytes were subjected to 
RT-PCR analysis to establish the sources of BMP2, BMP4, BMP7, and chordin in the thymus. GAPDH served as a positive control. H.O lanes con- 
tained no cDNA. (b-e) Immunoperoxidase staining of normal 3-^-wk-old mouse (C57BL/6) thymus with goat anti-BMP/24 (c and e) or control goat 
antibody (b and d). BMP2/4 staining (brown) is seen mainly within supcapsular (sc) and medullary (med, outlined in c) regions (original magnification: 
X200, b and c) and 'patchy' within positive areas (original magnification: X400, d and e). (f-h) In situ hybridization of normal 3-4-wk-old mouse 
(C57BL/6) thymus with Tsg sense (f) and antisense (g and h) probes. Tsg expressing cells are distributed throughout the cortex and the medulla. Original 
magnification: X100 (f and g), X200 (h). 



effects on the differentiation of Ragl -deficient thymocytes 
in response to CD3e antibody (1 |JLg/ml) as a surrogate sig- 
nal which does not require TCRp chain rearrangement. 
BMP4 treatment reduced the development of DP thy- 
mocytes in Ragl 0/0 organ cultures treated with CD3e anti- 
bodies by 46 ± 22% (Fig. 3 c). 



To ask whether BMP4 inhibition of the DN to DP tran- 
sition required an intact thymic microenvironment, El 5.5 
thymi were disrupted by trypsinization to yield suspensions 
containing all thymic cell types including thymic stroma. 
BMP4 blocked the DN to DP transition by 52 ± 17%. 
Similarly, BMP4 blocked the DN to DP transition in me- 
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Figure 3. BMP4 inhibits the cell cycle 
activity and the developmental progression 
of DN thymocytes to the DP stage, (a) 
E15.5 thymic lobes were cultured in hang- 
ing drops for 24-36 h with BMP4 (100 ng/ 
ml, 6 nM approximately), BMP4 (100 
ng/ml) plus neutralizing anti-BMP4 (10 
u.g/ml) or chordin (2 u.g/ml, 20 nM ap- 
proximately). Thymocytes were stained for 
CD4 and CD8, fixed, permeabilized, and 
DNA content was visualized by 7AAD. The 
fraction of cells with a DNA content >G1 
is shown relative to control cultures (16 ± 
7% >G1). (b) Reduced cell cycle activity 
and impaired developmental progression in 
BMP4-treated El 5.5 thymic organ cultures 
(36 h, methods as in a), (c) BMP4 (100 ng/ 
ml) inhibited the DN to DP transition in 
El 5.5 thymic organ cultures by 52 ± 21% 
(from 50 ± 10% DP to 25 ± 13% at 36 h, 
top row) and in Ragl o/o thymic organ cul- 
tures treated for 72 h with anti-CD3€ (1 
u-g/ml) by 46 ± 22% (from 57 ± 4% DP to 
32 ± 12%, row two). BMP4 reduced the 
generation of DP cells in proteolytically 
dissociated El 5.5 thymus suspensions by 
52 ± 17% (from 59 ± 13% DP to 28 ± 9%, 
third row), in mechanically prepared El 5.5 
thymocyte suspensions by 72 ± 8% (from 
44 ± 19% DP to 13 ± 6%, row four), in 
DN cells prepared by CD8 depletion of El 7 
thymocytes by 80 ± 13% (from 33 ± 16% 
to 8 ± 8%, row five), in DN/CD8 transi- 
tional thymocytes prepared by CD4 deple- 
tion of E17 thymocytes by 36 ± 10% (from 
66 ± 23% DP to 44 ± 20%, row six), in 
highly purified DN by 72% (from 39% DP 
to 1 1%) and 73% (from 40% DP to 10%) in 
two experiments (row seven), and in highly 
purified CD8 transitional thymocytes by 
26% (from 91% DP to 67%) and 29%, (from 
83% DP to 59%) in two experiments (row 
eight, all suspension culture experiments 
read out at 18 h). Recombinant BMPR- 
IA/Fc (bottom row, 1-3 |xg/ml) increased 
the generation of DP cells in E15.5 thymic 
lobes cultured for 18 h by 67 ± 28% (from 
23 to 38%, « = 4). (d) El 5.5 thymus sus- 
pensions were cultured with 300 ng/ml of 
BMP4 or BMP7 and analyzed as in Fig. 3, b 
and c. BMP4 reduced the generation of DP 
cells by 73 ± 7% (from 50 ± 27% DP to 14 ± 
9%) but BMP7 did not (1 ± 5%). 



chanically prepared E15.5 thymocyte suspensions by 72 ± 
8% (Fig. 3 c). 

The ability of BMP4 to inhibit thymocyte differentia- 
tion in suspension cultures allowed us to define the 
BMP4 sensitivity of thymocytes at different developmen- 
tal stages and, in addition, to ask whether BMP4 acts di- 
rectly on thymocytes or via intermediate cell types. 
When E17 thymocyte suspensions were depleted of 
CD8 + thymocytes to yield pure DN cells, BMP4 inhib- 
ited the generation of DP cells by 80 ± 13%. In contrast, 
when El 7 thymocyte suspensions were depleted only of 
CD4 + thymocytes, leaving behind DN as well as CD8 
transitional cells, BMP4 was less effective at inhibiting 
the generation of DP cells (36 ± 10%). Hence, DN thy- 



mocytes were more sensitive to BMP4 than CD8 transi- 
tional cells (Fig. 3 c). 

To determine whether BMP4 affects thymocyte de- 
velopment direcdy or indirecdy, DN thymocytes were 
highly purified by two rounds of cell sorting for 
HSA hi s h CD4~CD8~ thymocytes, yielding populations that 
contained 0.3% or less of cell types other than thymocytes. 
Sorted thymocytes differentiated efficiendy to the DP stage 
and BMP4 inhibited this by 72% and 73% in two indepen- 
dent experiments. The developmental progression of highly 
purified CD8 transitional cells was blocked by BMP4 to a 
lesser degree, by 26 and 29% in two independent experi- 
ments (Fig. 3 c). Hence BMP4 acts directly on DN thy- 
mocytes to inhibit their progression to the DP stage. 
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We exploited the observation that BMP2 and 4 (and to a 
lesser extent BMP7) but not TGFp or activin can bind 
BMPR-IA with high affinity in the absence of type II re- 
ceptor subunits (38, 39) to address whether the DN to DP 
transition is affected by endogenous BMPs. Soluble BMP 
receptor-IA subunit (BMPR-IA) was added to intact El 5.5 
thymic lobes in organ culture. In the presence of BMPR- 
IA, the percentage of DP thymocytes (analyzed 18 h later 
instead of 24-36 h in the organ culture experiments de- 
scribed above) was elevated by 67 ± 28% relative to con- 
trol thymi (Fig. 3 c) and the number of DP cells per thymic 
lobe increased by 94 ± 57% (not shown). 

Exogenous BMP2 blocked the DN to DP transition to 
the same extent as BMP4 (not shown). In contrast, BMP7 
did not inhibit the DN to DP transition (Fig. 3 d), even at 
very high concentrations (1,000 ng/ml, not shown). 

Smad-2 Phosphorylation in Response to TGF/3 but Not 
BMP4 in Thymocytes. Like BMP4, TGFP blocks thy- 
mocyte cell cycle activity and developmental progression 
(10, 40). To address the question whether thymocytes can 
distinguish BMP4 from TGFp signals we analyzed the 
phosphorylation status of Smad-2, a downstream mediator 
of TGFp signals (21) in thymocytes cultured with TGFpl 
at 1 ng/ml or a range of BMP4 concentrations from 0.1 to 
1,000 ng/ml. Phosphorylated Smad-2 was readily detected 
in response to TGFp but not to BMP4 by Western blotting 
with pSmad-2-specific antibodies (Fig. 4). Hence, BMP4 
signaling does not appear to utilize the canonical TGFp sig- 
naling pathway in thymocytes. An analysis of Smad-1 phos- 
phorylation in response to exogenous BMP4 remained in- 
conclusive as pSmad-1 appeared to be present in freshly 
isolated thymocytes (not shown, and see Discussion). 

Tsg Synergizes with the BMP Inhibitor Chordin to Block 
BMP4 Effects on Thymocyte Differentiation. As described in 
Fig. 3 c, BMP4 inhibited the developmental progression 
from the DN to DP stage in Ragl o/o organ cultures treated 
with CD3e. In the presence of BMP4 (100 ng/ml) the 
BMP inhibitor chordin restored the generation of DP cells 
only partially, even when added in threefold molar excess 
(2 ixg/ml). We used this system to assess the functional ef- 
fects of Tsg. On its own (not shown) or in combination 
with BMP4 (100 ng/ml), Tsg (1 u,g/ml, ~40 nM) had lit- 
tle effect. In combination with chordin, however, TSG 
was able to reverse the inhibitory effects of BMP4 on the 
generation of DP thymocytes in anti-CD3e-treated Ragl o/o 
organ cultures (Fig. 5 a, top panel). Rescue of DP differen- 
tiation from BMP4-mediated inhibition by chordin and 
Tsg was also seen in trypsinized suspension cultures of 
El 5.5 thymi. Again, chordin antagonized BMP4 only par- 
tially, Tsg on its own was without effect, but the combina- 
tion of chordin and Tsg rescued DP thymocyte develop- 
ment effectively (Fig. 5 a, bottom panel). A representative 
experiment is shown in Fig. 5 b. 

The ratio between chordin and Tsg was found critical 
for BMP antagonism read out as secondary axis formation 
in zebrafish (19). We therefore performed experiments in 
which the concentrations of BMP4 (100 ng/ml) and chor- 
din (2 u,g/ml) were kept constant and Tsg was titrated over 
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Figure 4. TGFp but not BMP4 induce Smad-2 phosphorylation in 
thymocytes. Thymocytes from El 7 (or postnatal, not shown) wild-type 
(C57BL/6) mice were cultured with TGFB1 (1 ng/ml) or the indicated 
concentrations of BMP4 for 45 min and cell lysates assayed for pSmad-2 
by Western blot. 



a wide range of concentrations, from 0.03 to 3,000 ng/ml 
(Fig. 5 b). Tsg addition resulted in a dose-dependent inhi- 
bition of the BMP4 block on the DN to DP transition. We 
conclude that Tsg can synergize with chordin to antagonize 
BMP4-mediated inhibition of the DN to DP transition. In 
this system there was no indication that Tsg had BMP-ago- 
nistic effects at any ratio of chordin and Tsg tested. 



Discussion 

The key observation of our study is that immature thy- 
mocytes express Tsg, an extracellular modifier of BMP2/4 
activity, in a developmentally regulated fashion: pre-TCR 
and TCR signaling results in increased Tsg expression at 
two developmental checkpoints, the DN to DP and the 
DP to SP transition (Fig. 1). Tsg has recendy been shown 
to interact with extracellular components of the BMP sig- 
naling pathway (15-20), prompting us to investigate effects 
of BMP4 on thymocyte development. We found that DN 
thymocytes are highly susceptible to BMP4, which acts di- 
recdy and without relay by another cell type to reduce DN 
thymocyte proliferation and progression to the DP stage in 
vitro (Fig. 3 c). The thymocyte response to BMP4 appears 
not to utilize the canonical TGFp signaling cascade as indi- 
cated by the phosphorylation of Smad-2 in response to 
TGFp but not to BMP4 (Fig. 4). 

The addition of specific BMP inhibitors to intact thymic 
lobes results in elevated rates of thymocyte proliferation 
(Fig. 3 a) and accelerated pre-TCR dependent differentia- 
tion to the DP stage (Fig. 3 c), indicating that a BMP- 
imposed 'brake' may be active in situ. Conversely, exogenous 
BMP4 interferes with DN proliferation progression to the 
DP stage (Fig. 3, a-d), suggesting that endogenous BMP2/4 
levels are subsaturating, or, alternatively, that not all thy- 
mocytes are exposed to equal BMP2/4 levels in situ. The 
latter possibility is consistent with our analysis of thymic 
sections where (in contrast to the uniform expression of 
BMP in early embryos; for a review, see reference 23) we 
found marked regional differences: BMP2/4 was seen pre- 
dominantly in subcapsular and medullary areas and showed 
an uneven, 'patchy' distribution within these areas (Fig. 2, 
c and e). By analogy to the Drosophila ovary where the 
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Figure 5. Tsg synergizes with chordin to block the effects of ex- 
ogenous BMP4 on thymocyte developmental progression, (a) Top 
panel; Ragl oA> organ cultures were treated with the anti-CD3e anti- 
body 2C11 for 3 d (1 M-g/ml) with the addition of BMP4 (100 ng/ 

ml), chordin (2 ng/ml), and/or Tsg (1 u-g/ml). Thymocytes were 

analyzed as in Fig. 3. Note the restoration of DP thymocyte develop- 
ment by the combination of chordin and Tsg. Bottom panel; suspension cultures of wild-type E15.5 thymi cultured overnight with the same additions as 
in top panel, (b) Suspension cultures of wild-type E15.5 thymi were cultured overnight and analyzed as in a (c) El 5.5 thymus suspensions were treated 
with BMP4 (100 ng/ml, left diagonal pattern), chordin (2 u^/ml, right diagonal pattern), or BMP4 plus chordin (cross-hatched) with or without Tsg 
(0.03 to 3,000 ng/ml) and analyzed as in Fig. 3. The percentage of DP thymocytes generated after 24 h is given (mean _ SD, n - 4). 



BMP2/4 ortholog dpp serves to retain germ cell precursors 
in a concentration-dependent fashion (41) one might spec- 
ulate that BMP2/4-rich areas represent specialized mi- 
croenvironments geared toward the retention of precursor 
cells. In contrast to BMP2/4, the expression of BMP7 
(which together with BMP5 and -6 forms the 60A sub- 
group of BMPs distinct from BMP2/4; reference 23) is not 
restricted to thymic stroma and BMP7 is expressed abun- 
dandy in thymocytes (Fig. 2 a). Interestingly, exogenous 
BMP7 did not inhibit the DN to DP transition (Fig. 3 d). 
Differences in the response to BMP2/4 and 7 have previ- 
ously been seen in developing neurons (42, 43). Both 
BMP2/4 and BMP7 signaling involve Smad-1 (21, 23) and 
it is unclear how developing neurons (42, 43) or thy- 
mocytes (this study) discriminate between these BMPs. 
BMP7 may contribute to pSmad-1 seen in freshly isolated 
thymocytes (data not shown). In addition to BMP2/4 (this 
paper), TGFpi and the morphogen sonic hedgehog (Shh) 
can block the pre-TCR-dependent transition from the 
DN to the DP stage in vitro (9, 40). The relationship be- 
tween BMP, Shh, and Wnt signals in the thymus remains 
to be defined. In certain developmental contexts Shh acts 
upstream of dpp/BMP2/4 (27, 41, 44-47). Conversely, 
Wnt and its downstream effectors (which can promote thy- 
mocyte differentiation; references 11 and 12) have been 
shown to block BMP4 expression in Xenopus embryos (48). 

Reportedly, Tsg can either facilitate or antagonize dpp/ 
BMP2/4 activity (15-20), perhaps because the release of 
dpp/BMP2/4 from the extracellular inhibitors sog/chordin 
is alternatively blocked (16) or facilitated (20) by the pro- 
teolytic processing of sog/chordin by metalloproteases of 



the tolloid/BMPl family. The relative abundance of Tsg 
and chordin can be critical for whether Tsg acts as an ago- 
nist or an antagonist of dpp/BMP2/4 (17). In our own ex- 
periments Tsg synergized with chordin to antagonize 
BMP4 in a simple, dose-dependent manner (Fig. 5). If 
BMP2/4 originating from thymic stroma can block the ex- 
pansion and differentiation of DN thymocytes in vivo, the 
developmentally regulated expression of Tsg could serve to 
temporarily antagonize inhibitory BMP effects following 
successful TCR3 rearrangement and pre-TCR expression 




chordin—-] 




Figure 6. How BMP4, chordin, and Tsg may affect the pre-TCR- 
dependent DN to DP transition (see text for details). 
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(Fig. 6). We speculate that the balance between BMP2/4, 
chordin, and Tsg may ensure developmental progression 
while maintaining a sufficient pool of immature precursors. 
Although these ideas are consistent with our data on the 
developmental regulation of Tsg expression in vivo and our 
experiments in vitro, we emphasize that BMPs may have 
additional functions in the thymus. For example, a role at 
the DP stage is implied by differential Tsg expression in re- 
sponse to TCR engagement at the DP stage (Fig. 1) and 
the recently reported failure of thymocyte differentiate to 
the SP stage in the absence of Schnurri2, a putative down- 
stream target of BMP signaling (49). Moreover, BMP4 and 
dpp act as morphogens in vertebrate and Drosophila em- 
bryos where they form activity gradients to specify distinct 
cell fates along the dorsal /ventral axis (23, 50-53). It will 
therefore be of interest to find out whether local BMP2/4 
concentration specifies alternative fates such as otp versus 
76 at the DN to DP transition or CD4 versus CD8 at the 
DP to SP transition. 

Our finding of developmentally regulated Tsg expression 
in the thymus extends the concept that cells within a mor- 
phogenetic field not only read and respond to the local 
morphogen concentration but can be instrumental in shap- 
ing the morphogen gradient (52, 53). It suggests that cells 
can temporarily withdraw from signaling molecules affect- 
ing their differentiation via the increased expression of a se- 
creted modifier at specific developmental control points. 
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